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2.	 Thirty	years	after	 field	abandonment,	we	dated	shrubs	and	oaks	established	 in	














tation	<	47	mm	and	heat	waves	 longer	 than	8	days)	and	competition	 in	wetter	
summers.
4.	 Synthesis.	Oak	colonization	in	Mediterranean	abandoned	fields	progressed	slowly,	


















(e.g.	 by	 water	 shortage	 or	 light	 competition;	 Maestre,	 Callaway,	
Valladares,	&	Lortie,	2009;	Maestre,	Valladares,	&	Reynolds,	2005).
In	 arid	 and	 semi-arid	 ecosystems	 such	 as	 those	 found	 in	
Mediterranean-climate	 areas,	 high	 irradiance	 and	 drought	 are	 the	
main	 abiotic	 factors	 affecting	 early	 plant	 establishment	 (Joffre,	
Rambal,	 &	 Damesin,	 2007;	 Sánchez-Gómez,	 Valladares,	 &	 Zavala,	
2006),	 constraining	 spring	 seedling	 emergence	 and	 first-summer	
survival	 (Mendoza,	 Zamora,	 &	 Castro,	 2009;	 Rolo,	 Plieninger,	 &	








Under	 stress	 conditions,	 shrubs	 can	 ameliorate	 environmental	




(i.e.	 direct	 facilitation;	 Gómez-Aparicio,	 Zamora,	 Castro,	 &	 Hódar,	
2008;	Prieto,	Padilla,	Armas,	&	Pugnaire,	2011;	Pugnaire	et	al.,	1996),	
but	also	attract	seed	dispersers	and	reduce	herbivory	or	competition	
with	 other	 plants	 (i.e.	 indirect	 facilitation;	 Cuesta,	 Villar-Salvador,	
Puértolas,	 Rey	 Benayas,	 &	Michalet,	 2010;	 Perea,	 López-Sánchez,	
&	Dirzo,	2017).	The	facilitative	effect	of	shrubs	have	been	related	
to	specific	 functional	attributes	such	as	plant	size	 (Alday,	Zaldívar,	





The	presence	of	nurse	 shrubs	could	be	particularly	 relevant	 in	
facilitating	 the	 recruitment	 of	 less	 stress	 tolerant	 and	more	palat-
able	 species	 (Gómez-Aparicio	 et	 al.,	 2008;	 Liancourt,	 Callaway,	 &	
Michalet,	2005),	expanding	their	ecological	niche	and	allowing	the	
coexistence	 of	 ecologically	 distinct	 species	 (Bruno,	 Stachowicz,	 &	
Bertness,	2003).	In	Mediterranean	forests,	like	our	study	system,	ev-
ergreen	and	deciduous	oaks	frequently	co-occur	(Madrigal-González	
et	 al.,	 2017).	 Evergreen	 oaks	 have	more	 robust	 leaves	 with	more	
leaf	mass	 per	 area	 and	 less	N	 concentration	 than	 deciduous	 oaks	
(Castro-Díez,	 Villar-Salvador,	 Pérez-Rontomé,	 Maestro-Martínez,	
&	 Montserrat-Martí,	 1997;	 Gil-Pelegrín,	 Peguero-Pina,	 &	 Sancho-
Knapik,	 2017).	 These	 traits	 are	 usually	 linked	 to	 high	drought	 tol-





Most	 research	 on	 facilitation	 has	 been	 addressed	 by	 short-
term	 studies.	 However,	 some	 studies	 have	 focused	 on	 the	 shifts	
of	 facilitation	 over	 ontogenetic	 stages	 of	 the	 nurse	 shrub	 or	 of	
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faginea	 Lam.	 Our	 objectives	 were	 to:	 (a)	 compare	 the	 long-term	
recruitment	 dynamics	 of	 the	 nurse	 shrub	 and	 the	 oaks	 after	 field	
abandonment;	(b)	quantify	the	time	lag	between	field	abandonment	
and	 the	nurse	shrub	 facilitative	effect	on	oak	colonization;	and	 (c)	
evaluate	the	effects	of	the	nurse	shrub	on	the	recruitment	patterns	
of	the	oaks	and	the	climatic	constraints	that	limit	their	recruitment.	
We	 hypothesised	 that:	 (a)	 recruitment	 patterns	 follow	 tempo-
ral	pulses	that	differ	among	pioneer	nurse	shrubs	and	mid-	or	 late	
successional	oaks;	(b)	there	is	a	time	lapse	between	field	abandon-





















the	 fields	 have	 progressively	 changed	 to	 a	 shrubland	 dominated	




forests	dominated	by	Q. ilex and Q. faginea	in	different	proportions	
(Table	S1.1).	Quercus faginea	acorn	dispersal	 is	earlier	 than	Q. ilex's 
(Castro-Díez	 &	Montserrat-Martí,	 1998).	 In	 2017,	when	 our	 field-
work	took	place,	the	density	of	Q. ilex and Q. faginea	juveniles	were	
45	±	49	and	15	±	31	individual/ha	(mean	±	SD)	respectively	(Kruskal–
Wallis	χ2 = 9.17; p	=	.002).









In	 each	 transect,	 we	 located	 and	 harvested	 all	 juvenile	 oaks	
(namely	 105	 evergreen	 oaks	 and	 36	 deciduous	 oaks)	 during	 early	
spring	of	2017.	To	harvest	the	 juveniles,	we	excavated	the	ground	
around	the	upper	part	of	the	tap	root	and	cut	a	transversal	section	
at	 the	 root	 collar,	 that	 is,	 slightly	 below	 the	 ground	 level	 (Figure	
S2.1a).	We	 then	used	a	dendrochronological	approach	 to	date	 the	
year	 of	 oak	 recruitment	 (details	 in	 Appendix	 S2)	 and	 reconstruct	
the	R. sphaerocarpa	shrubland	structure	along	time	using	allometric	
models	(details	in	Appendix	S3).	The	microsites	where	oak	juveniles	









from	nine	meteorological	 stations	 close	 to	 our	 study	 area	 (http://
F I G U R E  1  Location	of	the	study	
area	and	the	20	transects	where	Retama 
sphaerocarpa	(retama)	and	oak	(Quercus 
ilex and Q. faginea)	recruitment	were	
sampled
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www.aemet.es/es/datos_abier	tos/AEMET_OpenData;	 Figure	 S1.1).	





the	meteorological	 station	 and	 the	 target	 area.	 For	 each	 year,	we	
calculated	 the	 spring	 precipitation	 as	 the	 sum	 of	 April	 and	 May	
precipitation,	 the	summer	precipitation	as	 the	sum	of	July,	August	




2.4.1 | Long‐term dynamics of Retama 
sphaerocarpa and oak recruitment
We	calculated	recruitment	rate	(no.	recruits	transect−1 year−1)	of	R. 
sphaerocarpa,	 evergreen	 and	 deciduous	 oaks	 from	1985	 to	 2014.	
We	used	a	generalized	additive	model	and	the	recruitment	rate	of	
each	 species	 to	 analyse	 recruitment	 patterns	 over	 time.	 For	 the	
evergreen	 oak	 we	 differentiated	 between	 microsites	 (open	 and	
under	 shrub).	We	 could	not	 account	 for	microsite	 differences	 for	
the	deciduous	oak	due	to	the	low	number	of	recruits	under	shrubs.	
We	choose	a	Poisson	error	distribution	and	 the	 smoothing	 spline	
method	 to	 fit	 the	 models	 with	 the	 gam	 package	 (Hastie,	 2018)	





2.4.2 | Oak colonization in relation to nurse 
shrub structure
We	 analysed	 the	 relationship	 between	 oak	 recruitment	 and	 the	
structure	 of	 the	 R. sphaerocarpa	 shrubland	 (i.e.	 density	 and	 size	














acceleration	of	 the	oak	 recruitment	was	due	 to	 recruitment	under	
shrub	 (i.e.	 facilitated	 recruitment).	Then,	we	described	 the	density	
and	 size	 structure	 of	 the	 shrubland	 when	 facilitated	 recruitment	
occurred.
To	 study	 the	 relationship	 between	 oak	 recruitment	 and	 R. 
sphaerocarpa	 size,	we	compared	 (a)	 the	maximum	branch	diameter	
of	nurse	shrubs	(i.e.	with	oaks	recruited	under	their	canopies)	and	of	
shrubs	without	recruits	using	a	Kruskal–Wallis	test;	and	(b)	the	size	
structure	of	 the	R. sphaerocarpa	 populations	with	 and	without	 re-
cruited	oaks.	For	those	comparisons,	we	only	used	the	data	of	years	
and	transects	with	oak	recruitment	under	shrubs.





since	 2005,	 which	 was	 the	 recruitment	 year	 of	 the	 oldest	 oak	
found	under	shrub.	There	were	not	enough	deciduous	oak	recruits	
under	shrub	to	make	this	analysis,	so	we	assessed	only	the	effect	
of	 the	climate	 in	 total	 recruitment.	We	focused	on	climatic	con-







of	 each	 target	 oak	 species	 in	 the	 adjacent	 forest	 (BAi, m
2/ha).	
We	also	considered	the	year	of	recruitment	as	a	random	variable	
(YRE)	 to	 account	 for	 likely	 temporal	 processes	 such	 as	masting,	
and	included	an	intercept	term	for	each	transect	to,	again,	account	







We	 estimated	 the	 parameters	 in	 Equation	 (1)	 with	 a	 Bayesian	
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during	which	we	recorded	the	parameter	thinning	every	100th	itera-
tion	(see	Table	S1.2	for	results	of	convergence	diagnosis).




the	 difference	 between	 oak	 recruitment	 under	 shrub	 and	 recruit-
ment	 in	 open	 sites,	 in	 years	 and	 transects	when	 at	 least	 one	 oak	
recruited	(Gómez-Aparicio	et	al.,	2004).	We	could	not	calculate	the	














3.1 | Dynamics of Retama sphaerocarpa and oak 
recruitment
All	 species	 showed	 two	 pulses	 of	 recruitment	 that	 varied	 in	 ampli-
tude	 (i.e.	maximum	 recruitment	 rate)	 and	 length	 (i.e.	 duration	of	 the	
pulses;	Figure	2,	Table	S4.1).	 Species	 recruitment	pulses	occurred	at	
different	years:	in	2001	and	2013	for	R. sphaerocarpa,	1994	and	2008	
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for	 the	evergreen	oak,	 and	1999–2000	and	2008	 for	 the	deciduous	
oak.	 The	 second	pulse	was	 higher	 than	 the	 first	 pulse	 for	 the	 three	
species	 (Figure	 2).	 The	 amplitude	 and	 length	 of	 R. sphaerocarpa re-
























shrubs/ha	 (mean	±	SD	 [min–max]),	and	R. sphaerocarpa	canopy	cover	
was	2.21	±	1.80%	[0%–7.16%].	Most	of	the	shrubs	were	small	(branch	
diameter	<	10	mm)	or	medium	(branch	diameter	10–40	mm,	Figure	3b).
Retama sphaerocarpa	 shrubs	 with	 recruited	 oaks	 underneath	
were	larger	(25.4	[8.2–65.1]	mm	of	branch	diameter	and	168.6	[75.4–
329.2]	cm	of	crown	diameter;	mean	[min–max])	 than	shrubs	without	




or medium R. sphaerocarpa	shrubs	were	considered	(15%	[0–100]	and	
5.4%	 [0–16.7],	 respectively).	Oak	 recruits	were	 recorded	only	under	
R. sphaerocarpa	 shrubs	 that	were	at	 least	7–8	years	old	with	branch	
and	crown	diameters	>	8	mm	and	74	cm	respectively	 (dashed	verti-
cal	line	in	Figure	4).	Most	of	the	R. sphaerocarpa	shrubs	that	contained	








cruitment	 rate	 of	 evergreen	 oaks	 in	 any	 of	 the	 two	 microsites	
(Figure	 5a,	 model	 parameters	 in	 Table	 S4.3).	 Collinearity	 among	
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The	 linear	 models	 for	 the	 interaction	 index	 between	 R. 
sphaerocarpa	and	evergreen	oak	recruitment	had	the	best	fit	(AIC	
in	Table	S4.4).	Spring	precipitation	did	not	have	a	significant	effect	
on	 the	 interaction	 index	 (Table	 S4.5).	 However,	 the	 interaction	
index	was	 inversely	 related	to	summer	precipitation	and	directly	
related	 to	 the	 length	 of	 heat	 waves	 (Figure	 6,	 Table	 S4.5).	 The	
effect	 of	 the	 nurse	 shrub	 become	 predominantly	 negative	 (i.e.	






Under	stressful	conditions,	 the	 facilitation	of	nurse	shrubs	 is	criti-
cal	to	ensure	tree	colonization,	especially	 in	areas	that	 lack	woody	
vegetation	 like	abandoned	 fields.	Despite	 their	 relevance	 in	 forest	
recovery,	we	know	little	about	the	dynamics	of	these	effects.	Our	
analysis	 of	 long-term	 colonization	 dynamics	 of	 oaks	 showed	 that	
their	 recruitment	 accelerated	 when	 oaks	 started	 recruiting	 under	
shrubs.	It	took	20	years	of	secondary	succession	to	get	to	this	point,	
likely	when	 shrub	 cover	 and	 size	were	 large	 enough	 to	 provide	 a	
facilitative	effect.	Our	results	also	showed	that	evergreen	oaks	re-
cruited	more	than	deciduous	oaks	and,	against	our	expectation,	only	
the	 evergreen	 species	 benefited	 from	 recruiting	 under	 the	 nurse	
shrub.	 Facilitation	 was	 more	 pronounced	 in	 years	 with	 more	 arid	





scales	with	 long	 temporal	 information	would	be	necessary	 to	 cor-
roborate	how	the	nuances	of	this	temporal	perspective	change.
4.1 | Long‐term dynamics of forest expansion reveal 
different recruitment pulses of the nurse shrub and 
oak species
In	 accordance	 with	 our	 first	 hypothesis,	 the	 temporal	 trends	 in	
pulses	of	recruitment	that	we	documented	indicate	distinct	regen-
eration	dynamics	for	the	shrub	and	the	two	oak	species.	Retama 
sphaerocarpa —a	 pioneer	 shrub	 species—	 was	 the	 earliest	 colo-
nizer,	presumably	due	to	its	high	dispersion	capacity	and	drought	
tolerance	 (Haase,	 Pugnaire,	 Clark,	 &	 Incoll,	 1999;	 Haase	 et	 al.,	
F I G U R E  4  Size	class	distribution	of	Retama sphaerocarpa 
(retama)	population	(line).	The	filled	bar	portion	represents	
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1996;	Padilla	&	Pugnaire,	2007).	Since	most	juvenile	mortality	oc-
curs	during	the	first	summer	in	Mediterranean	forests	(Mendoza,	
Zamora,	 et	 al.,	 2009;	 Rey	 Benayas,	 Navarro,	 Espigares,	 Nicolau,	
&	Zavala,	2005;	Rolo	et	 al.,	2013),	 the	 large	pulse	of	R. sphaero‐
carpa	recruitment	towards	the	end	of	the	studied	period	is	 likely	
due	 to	 the	 beginning	 of	 seed	 production	 by	 already	 established	
shrubs,	 as	 observed	 for	 other	 plant	 species	 (Harper,	 1977).	 The	






the	greater	activity	of	acorn	dispersers	and	 to	 soil	 improvement	
after	 field	 abandonment	 (i.e.	 increase	 of	C:N	 ratio,	 organic	mat-
ter	or	aggregate	stability;	Hooker	&	Compton,	2003;	Rey-Benayas,	
Galván,	&	Carrascal,	 2010;	 Robledano-Aymerich	 et	 al.,	 2014).	 In	





longer	 time	 windows,	 than	 the	 deciduous	 oak	 (Gómez-Aparicio	
et	 al.,	 2004;	 Perea	 et	 al.,	 2017).	 Differential	 drought	 resistance	
between	 these	 species	 could	 be	 the	main	 cause	 (Gil-Pelegrín	 et	
al.,	 2017;	Montserrat-Martí	 et	 al.,	 2009).	 Specifically,	 sensitivity	
of	 stomatal	 conductance	 to	 water	 stress	 is	 lower	 for	 the	 ever-
green	oak	 than	 for	 the	deciduous	oak	 (Acherar	&	Rambal,	1992;	
Mediavilla	 &	 Escudero,	 2004).	 Moreover,	 acorn	 production	 and	
dispersion	of	 the	evergreen	oak	 is	usually	higher	 than	 those	ob-
served	for	the	deciduous	oak	(Del	Arco,	Beltrán,	&	Martínez-Ruiz,	
2018;	Pons	&	Pausas,	 2007a,	 2007b;	Rodríguez-Estévez,	García,	
Perea,	 Mata,	 &	 Gómez-Castro,	 2007),	 and	 shoots	 of	 deciduous	
oaks	 are	 preferred	 by	 browsers	 over	 shoots	 of	 evergreen	 oaks	
(Espelta,	Habrouk,	&	Retana,	2006).




This	unexpected	 trend	 (i.e.	 the	more	 stress-prone	 species	bene-
fits	less	from	facilitation)	has	also	been	documented	by	Plieninger,	





oaks	 (Perea	 et	 al.,	 2017),	 as	 well	 as	 the	 notion	 that	 facilitation	
benefits	more	 the	 low	 stress-tolerant	 and	 herbivory-prone	 spe-
cies	 (Costa	 et	 al.,	 2017;	Madrigal-González,	García-Rodríguez,	&	
Zavala,	2014;	Soliveres	et	al.,	2014).	The	abundance	and	location	
patterns	of	evergreen	oak	recruitment	could	be	due	to	 the	pref-
erence	of	 the	main	dispersers,	Garrulus glandarius	 (European	 jay)	
and Apodemus sylvaticus	 (wood	 mice),	 for	 the	 evergreen	 acorns	
(Del	Arco	et	al.,	2018;	Pons	&	Pausas,	2007a,	2007b),	and	also	to	
their	preference	for	caching	acorns	under	shrubs	 (Gomez,	2003;	
Gómez,	 Puerta-Piñero,	 &	 Schupp,	 2008;	 Morán-López,	 Alonso,	
&	Díaz,	 2015).	 The	 lack	of	 recruitment	of	 deciduous	oaks	under	
shrubs	 could	 be	 also	 due	 to	 strong	 competition	 between	 the	R. 
sphaerocarpa	and	the	deciduous	oak	or	to	insufficient	facilitation	
effect	 (Alday	 et	 al.,	 2016;	 Plieninger	 et	 al.,	 2010).	 Future	 exper-






due	 to	both	direct	 and	 indirect	 facilitation	mediated	by	R. sphaero‐
carpa	(Cuesta	et	al.,	2010;	Prieto	et	al.,	2011).	However,	we	could	not	
quantify	which	proportion	of	 the	 recruitment	under	 shrub	 through	
time	was	due	to	the	 lower	extension	of	open	areas.	The	facilitation	
F I G U R E  6  Fitted	linear	model	of	the	relationship	between	











4.2 | Relationship between retama population 
structure and oak facilitation
It	 is	 likely	 that	direct	and	 indirect	 facilitative	mechanisms	 increase	
with	 nurse	 size	 and	 abundance	 (Allegrezza	 et	 al.,	 2016;	Cuesta	 et	
al.,	2010;	Gómez	et	al.,	2008;	Navarro-Cano	et	al.,	2016).	Our	 re-
sults	 document	 the	 lagged	 facilitation	 effect	 associated	 with	 the	
shrub	size	and	population	structure	(hypothesis	2).	This	hypothesis	



























microenvironment	 created	by	 the	 shrubs,	 such	as	 soil	 structure	and	
organic	matter	 after	 agriculture	 ceased	 (Robledano-Aymerich	 et	 al.,	
2014),	may	also	be	needed	for	oak	recruitment	under	nurse	shrubs.







summers,	whereas	 competition	 prevailed	 in	wet	 and	mild	 summers.	
These	 results	 support	 the	 Stress	 Gradient	 Hypothesis	 (Bertness	 &	














Long-term	forest	 recovery	 in	 the	studied	Mediterranean	abandoned	
fields	 exhibited	 differential	 pulses	 of	 woody	 species	 recruitment.	
Despite	 being	 closely	 related,	 oaks	 with	 contrasting	 leaf	 traits	 (ev-
ergreen	vs.	deciduous)	 and	drought	 tolerance	 showed	different	pat-
terns	of	 recruitment.	The	R. sphaerocarpa	 shrubland	buffered	Q. ilex 
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